The relationship of regional and global left ventricular function to aortic flow dynamics during exercise was determined in 14 normal subjects and 14 patients with coronary artery disease. Doppler and two-dimensional echocardiographic studies were performed before, during, and immediately after an exercise test by the Bruce protocol. Two-dimensional echocardiography was used to determine the ejection fraction and new wall motion abnormalities. The peak ejection velocity, stroke index, and cardiac index were calculated from the pulsed Doppler tracing. In normal subjects the ejection fraction increased significantly (p < .001) from rest (0.51 ± 0.07) to peak exercise (0.61 + 0.07), while the response in coronary patients was blunted (0.49 ± 0.11 vs 0.48 ± 0.16). Similarly, the change in peak ejection velocity throughout exercise in normal subjects (from 0.71 + 0.12 to 1.50 + 0.35 m/sec) was significantly (p < .01) greater than that in patients with coronary artery disease (from 0.61 ± 0.13 to 0.90 0.29 m/sec). There was a good correlation between the percent change in peak ejection velocity and the percent change in ejection fraction from rest to peak exercise in the entire study group (rs = .64) and in the patients with coronary artery disease (rs = .84). These preliminary data suggest that exercise-induced changes in Doppler echocardiographic variables may offer a potential adjunct in the evaluation of patients with ischemic heart disease. Circulation 75, No. 2, 413-419, 1987. RECENT STUDIES have shown that pulsed Doppler velocity measurements can accurately estimate stroke volume and cardiac output at rest.1-5 In addition, the technique is reported to reflect changes in blood flow during exercise in normal subjects.`However, little data are available that assess the Doppler-derived variables of aortic flow during exercise in patients with coronary artery disease.9'-Two-dimensional echocardiography has been shown to increase the sensitivity of exercise testing in the detection of coronary artery disease when used either during 2-17 or immediately after exercise18-20 by demonstrating the percent From
changes in both global and segmental left ventricular function.
In this study, we sought to determine what changes are detected by Doppler velocimetry during exercise and the relationship of such changes to the development of segmental wall motion abnormalities and changes in ejection fraction as measured by two-dimensional echocardiography. Pulsed Doppler aortic flow was measured before, during, and immediately after exercise and two-dimensional echocardiography was performed before and immediately after exercise in normal subjects and patients with documented coronary artery disease.
Methods
Patient population. The study group consisted initially of 37 subjects who underwent Doppler echocardiographic monitoring during exercise treadmill testing. Of these, nine (25%) were excluded for technically inadequate two-dimensional echocar-diographic images after exercise; two (5%) of these nine also had technically inadequate Doppler studies. The remaining 28 subjects comprise the study group.
Group I consisted of 14 asymptomatic volunteers without a history of cardiovascular disease and with normal M mode and two-dimensional echocardiograms at rest and a normal maximal treadmill exercise test. The average age of the 12 asymptomatic men and two women was 40 (range 22 to 63) years. Group II consisted of 14 patients with angiographic evidence of coronary artery disease; the average age of the 13 men and one woman was 52 (range 30 to 65) years. Two patients had a history of a prior myocardial infarction and nine had typical angina. Six patients had single-vessel coronary disease, five had two-vessel coronary disease, and three had three-vessel disease. None of the patients had undergone a previous revascularization procedure. Cardiac medications were not routinely discontinued before the examination. Informed consent was obtained before initiation of the study protocol.
Doppler echocardiographic technique. Two-dimensional echocardiographic and cardiac Doppler studies were obtained with commercially available phased-array imaging systems (Irex IIIB or Meridian). An independent Doppler transducer (Pedof) was used for the Doppler examination. The Doppler unit operates at a frequency of 2.0 MHz in either the pulsed or continuous-wave mode. The maximal velocity limit of the pulsed-wave mode is 3.4 m/sec at depths less than 8 cm and 2.2 m/sec at depths of 8 to 13 cm. A pulsed Doppler instrument was used for all recordings in this study.
All echocardiographic examinations were performed in subjects in the supine and left lateral decubitus positions before and immediately after exercise. The optimal transducer positions were marked on the chest before exercise began, and apical four-chamber and parasternal short-axis views at the mitral valve level and papillary muscle level were obtained. The same transducer positions were used immediately after exercise. Recordings were obtained and recorded on 1/2 inch videocassette tape for later analysis. Still frames of the aortic outflow were obtained in the parasternal long-axis view.
Doppler echocardiographic examination was performed from the suprasternal notch, interrogating the ascending aorta in 17 individuals and the descending aorta in 1 1 subjects. Both sites were evaluated in all patients before exercise both in the supine and standing position and the optimal site was chosen to be used throughout the remainder of the protocol. We have previously demonstrated comparison of these sample sites in our laboratory.4 Flow was initially located with a continuous-wave Doppler technique, and the optimal flow pattern on pulsed Doppler examination was found by adjusting the sample depth until the highest velocity with the least spectral dispersion was obtained. The sample depth and position in the aortic arch remained constant for the remainder of the examination. Hard copy recordings were obtained at a paper speed of 50 to 100 mm/sec before, during, and after exercise.
Cardiac catheterization. The left heart catheterization in group II patients was performed via a percutaneous transfemoral approach. Left ventriculograms were obtained in the 30 degree right anterior oblique view. Selective coronary arteriography was performed with multiple projections of the left and right coronary arteries. Narrowing of the coronary artery luminal diameter of 50% or more was considered significant. Exercise protocol. All subjects performed maximal upright treadmill exercise according to the Bruce protocol. Electrocardiograms were acquired each minute with a computerized Marquette Case II system. An abnormal electrocardiographic response was coded when, compared with the baseline tracing, either: (1) horizontal or downsloping ST segment depression of 1 mm or more, or (2) 2 mm or more of upsloping ST depression at 80 msec after the J point was noted in at least three consecutive complexes. Two-dimensional echocardiography was performed in the left lateral position before exercise. Doppler examinations were then performed before exercise in subjects in the supine and upright position, during the last 30 sec of each stage of exercise, and immediately before and for 15 sec immediately after termination of exercise. Each subject then assumed a supine position and the Doppler echocardiogram was recorded. The two-dimensional echocardiogram was recorded first in the parasternal short-axis view and then in the apical four-chamber view in the left lateral position. All two-dimensional echocardiographic examinations were completed within 150 sec of the termination of exercise. Five minutes after cessation of exercise, the Doppler echocardiogram was recorded in subjects in the supine position.
Analysis of two-dimensional echocardiographic data. All two-dimensional and Doppler echocardiographic analyses were performed on an off-line dedicated computer system (Franklin Quantic 1200 Echocomputer). The left ventricular ejection fraction was calculated from the preexercise and postexercise twodimensional echocardiogram from the apical four-chamber view. The end-diastolic and end-systolic frames were identified by bidirectional frame-by-frame review and the endocardial edge was traced. Ventricular volumes were calculated by the single-plane area-length method from the apical four-chamber view. Ejection fraction was calculated from the equation:
Ejection fraction =End-diastolic volume -end-systolic volume End-diastolic volume Regional wall motion analysis before and after exercise was performed from the parastemal short-axis view at the mitral valve and papillary muscle level. The left ventricle was divided into eight segments and each segment was divided into eight radians. The fractional shortening of five segments was completely analyzed at each level (table 1) . These segments were the anterior wall and anterior and inferior septum (segments I, II, and III, respectively), to reflect left anterior descending distribution, and inferior and posterior walls (segments IV and V, respectively), to reflect right coronary artery distribution. Radial shortening was calculated with use of a floating-center-ofmass reference at each radian, and averaged for segmental shortening. This was accomplished by frame-by-frame analysis of a representative cardiac cycle. To evaluate the fractional The mean + SD values for the regional shortening fraction of the analyzed segments (seg) in the short-axis view at the mitral valve and papillary muscle level are shown for the normal subjects. If a segment had a regional shortening fraction less than 1 SD below the mean compared with that in the normals it was designated a hypokinetic segment.
shortening, the end-diastolic and end-systolic frames were identified as the largest and smallest short-axis areas, respectively. For each segment a regional shortening fraction was determined. If the regional shortening fraction of a segment was more than one standard deviation below the mean measured in the normal subjects it was considered to be a hypokinetic segment (table 1) . Doppler analysis. Three to five consecutive heartbeats of each Doppler tracing were analyzed by a method previously described. 4 The darkest part of the tracing was integrated to obtain the flow velocity integral in distance (cm). Peak ejection velocity was recorded as the maximal velocity of the envelope. The cross-sectional area of the aorta was calculated from the internal diameter (D) obtained at rest either at the level of the aortic anulus, or above the sinus of Valsalva if significant annular calcification was present, with the formula: cross-sectional area = 7T(D/2)2. Stroke volume was calculated from the product of the flow velocity integral and aortic cross-sectional area. The cardiac output was obtained from the product of stroke volume and heart rate. The stroke index and cardiac index were calculated from the quotient of stroke volume and cardiac output divided by the body surface area, respectively. All calculations were performed in a blinded manner by a single observer. Interobserver and intraobserver variability of the Doppler calculations was assessed. Representative tracings from 14 different aortic flows were measured by two observers and then measurements were repeated by one observer.
Statistical methods. Analysis of variance for repeated measures was performed for comparison of peak ejection velocity, stroke index, and cardiac index at the various stages of exercise in each group. The Scheffe F test was then applied to test for significance of differences. Independent t tests were performed for comparisons between group I and group II with respect to ejection fraction, peak ejection velocity, stroke index, cardiac index, and heart rate at each stage of exercise. Spearman' s rankorder correlation coefficient was calculated to compare changes in ejection fraction with changes in peak ejection velocity.
Results
Exercise test. The normal subjects completed an average of 723 (range 444 to 900) sec of exercise; all completed Bruce stage IV and stopped because of exhaustion. No subject developed chest pain or abnormal electrocardiographic changes. Group II patients completed an average of 394 (range 106 to 615) sec of exercise, significantly less than that completed by subjects in group I (p < .00 1). The reasons for termination of exercise included chest pain in seven patients, fatigue in six patients, and dyspnea in one patient. Abnormal exercise-induced ST segment changes were seen in eight patients. The electrocardiogram could not be interpreted in one patient because of left bundle branch block.
The difference in heart rate in groups I and II at rest was not significant (72 + 11 vs 75 + 18 beats/min; p = NS), but the difference was significant at peak exercise (174 ± 27 vs 125 ± 25 beats/min; p < .00 1). fraction, as calculated from the two-dimensional image obtained at rest, in normal individuals (51 ± 7%) and patients with coronary artery disease (49 ± 1 1 %). However, as expected, normal subjects demonstrated a significant increase in left ventricular ejection fraction with exercise (61 ± 7%); all group I subjects had at least a 5% increase in ejection fraction. Overall, patients with coronary artery disease demonstrated a blunted response of ejection fraction after exercise (48 ± 16%) that was significantly lower than that in the normal subjects (p < .01). Only three patients with coronary artery disease had greater than a 5% increase in left ventricular ejection fraction with exercise (figure 1).
Two-dimensional echocardiography
Segmental wall motion analysis. All of the group I subjects had normal segmental wall motion at rest. Eight of the group II patients had wall motion abnormalities at rest, with an average of three left ventricular segments exhibiting hypokinesis. In the immediate postexercise phase, the normal subjects had normal wall motion, whereas 1 1 of the 13 patients for whom these data were available for analysis developed new wall motion abnormalities (wall motion could not be analyzed in one patient). New hypokinetic segments developed in five patients at the papillary muscle level, in one patient at the mitral valve level, and in five patients at both levels. Improvement of previous hypokinetic areas was seen at both levels in one patient and at the mitral valve level in one other. Fourteen hypokinetic segments normalized with exercise. Regional shorten-ing fraction remained normal in a total of 63 segments analyzed.
Doppler-determined variables. Stroke index, cardiac index, and peak ejection velocity were similar in both groups of subjects at rest. The maximum cardiac index achieved was 8.1 + 2.6 liters/min/m2 in normal subjects and 5.6 + 2.2 liters/min/m2 in patients with coronary artery disease (p < .01).
Peak ejection velocity was significantly increased over resting values in both groups at stage II, peak, and immediately after exercise. These values were significantly lower in group II than in group I at all stages except rest (p < .01; table 2). There was no significant difference between peak exercise values and immedi-ate postexercise values within either group, however. In normal subjects, the peak ejection velocity increased throughout exercise, and it increased by 115% from rest to maximal exercise; only one subject had a peak velocity of less than 1. 1 mlsec at maximal exercise. In the patients with coronary artery disease, the relative increase in peak ejection velocity from rest to maximal exercise was less than in the normal subjects (p < .001; figure 2). In three patients peak ejection velocity fell during exercise, in one case to a value of less than the resting velocity. In 10 patients the peak ejection velocity increased slightly from rest to peak exercise (<85%). In three patients there was an increase of 85% or more; all three had single-vessel 
Rest
Peak Exercise FIGURE 2. The changes in peak ejection velocity from rest to peak exercise in normal subjects and patients with coronary artery disease (CAD). coronary artery disease. Only two of the group II patients had a peak ejection velocity of 1.1 m/sec or more at maximal exercise (figure 2). Two-dimensional echocardiographic vs Doppler-determined variables. The correlation between the percent change in ejection fraction from rest to immediately after exercise and percent change in peak ejection velocity from rest to maximal exercise was r, = .64. When only data from the 14 group II patients were analyzed the correlation was higher (rs = .84; figure   3 ). Individual and summary data are listed in tables 2 and 3, respectively.
There was no correlation between the change in peak ejection velocity and the number of new wall motion abnormallities that were noted immediately after exercise.
Interobserver and intraobserver variability. The difference between observers with respect to flow velocity integral for the 14 sample aortic flow profiles was 5.4% (0.8% to 11.8%) and that for peak ejection velocity was 3.6% (0.76% to 6.0%). The difference between measurements by the same observer for flow velocity integral was 3.4% (0.8% to 9.8%) and for peak ejection velocity, 2.6% (0 to 6.9%). None of these differences between observers were significant. Vol. 75, No. 2, February 1987
Discussion
The evaluation of global and regional left ventricular function during exercise is a useful technique to assist in distinguishing normal subjects from patients with coronary artery disease.2' 22 Although in most studies radionuclide techniques have been used, exercise echocardiography is also useful in discriminating healthy individuals from those with coronary artery disease. '3-20 The exercise echocardiographic studies assessed changes in shortening fraction that occurred during exercise on M mode recordings and the development of new wall motion abnormalities on two-dimensional echocardiograms. Global changes in left ventricular function during exercise were also assessed by analysis of changes in ejection fraction.
Doppler echocardiography is useful for the assessment of cardiac systolic function at rest, primarily in the evaluation of stroke volume and cardiac output.4 5 Elkayam et al. 23 have shown that the hemodynamic changes produced by pharmacologic intervention can be assessed with Doppler echocardiography. There are, however, few data concerning the changes in Doppler-determined variables during exercise-" and even fewer data on how these changes relate to some of the more widely used indexes of ventricular performance during exercise. We performed this study to assess how Doppler-determined variables change during exercise and how they relate to changes in ejection fraction and development of new wall motion abnormalities immediately after exercise as measured by exercise echocardiography.
The Doppler-derived variable that was found to best reflect changes in global left ventricular function during exercise was the percentage change in peak ejec- tion velocity from the upright position at rest to that at maximal exercise. When the total population was considered, there was a fair correlation (rs .64), which improved when data from the patients with coronary artery disease only were analyzed (rs = .84). The correlation between the number of new wall segment abnormalities and change in peak ejection velocity was poor.
Only two patients with coronary artery disease had both an increase in peak ejection velocity of greater than 85% and a peak ejection velocity at maximal exercise of greater than 1.1 m/sec. Both of these patients had single-vessel coronary artery disease, normal resting left ventricular function, and no exercise ST segment depression. One 63-year-old control subject had a peak ejection velocity at maximal exercise of less than 1.1 m/sec. Therefore, use of the percentage increase in peak ejection velocity, the absolute value for peak ejection velocity at maximal exercise, or a combination of the two may be helpful in differentiating subjects with normal left ventricular function from those with ischemia-induced left ventricular dysfunction. Further studies are required in a larger patient population to provide more extensive evaluations.
Limitations of the current study. Doppler echocardiography is relatively easy to perform from the suprasternal notch in subjects at rest, but becomes more difficult during exercise, particularly at high exercise workloads. At maximal exercise, especially the fourth stage of a Bruce protocol, it becomes more difficult to obtain consistently high-quality Doppler waveforms. Movement of the aortic root during respiratory effort makes some of the heartbeats uninterpretable. We therefore analyzed three to five of the best-quality Doppler waveforms available from each of the 30 sec of continuous recording to circumvent this problem. Furthermore, it appears that it may be possible to compare standing preexercise and immediate postexercise tracings and obtain similar results, thus eliminating the 418 technically difficult task of acquiring information during exercise.
To analyze the two-dimensional echocardiogram obtained immediately after exercise we both performed global evaluation of left ventricular function and calculated regional shortening fraction before and immediately after exercise. There was no correlation between the changes in ejection fraction or the changes in peak ejection velocity and the number of exerciseinduced new hypokinetic segments. This may be due partly to the use of a floating-reference system, which could have underestimated the severity of hypokinesis that developed. Likewise, the 60 sec lost in positioning the patient after exercise for two-dimensional imaging may represent a limitation in the examination of mildly ischemic segments. Finally, in some patients it was difficult to outline the entire endocardial border.
Because of the small number of patients included in this study and the means by which the subjects were selected, assessment of the sensitivity and specificity of the Doppler and two-dimensional echocardiographic techniques by comparison with electrocardiographic changes seems inappropriate.
Possible mechanisms for response seen. In the healthy exercising subject, there is a progressive increase in left ventricular ejection fraction; this change reflects increased left ventricular work. In the patient with coronary artery disease, with increasing levels of exercise the coronary blood flow is limited, the myocardium becomes ischemic, and there is little rise, and even a fall, in ejection fraction, despite reduced afterload. In echocardiographic studies, this is reflected as a loss of fractional shortening and reduced motion of both ischemic and "normal" areas. '9 In the present study it was reflected as a much smaller increase or decline in peak ejection velocity in patients with coronary artery disease when compared with normal subjects. The drop in peak ejection velocity in patients with coronary artery disease appears to be proportionately related to loss of ventricular contractility in the ischemic left ventricle.
Advantages of this technique. We were able to obtain adequate Doppler tracings in 95% of the patients studied. On the other hand, adequate immediate postexercise echocardiograms were obtained in only 75% of our patients. This is similar to the 75% to 90% rate of acceptable studies obtained by other authors. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] When the criteria of percentage change in peak ejection velocity of less than 85% or an absolute value for peak ejection velocity of 1.1 m/sec at maximal exercise is used, subjects with normal left ventricular function may be differentiated from patients with significant coronary artery disease and ischemic left ventricular dysfuntion. Further study is necessary to evaluate the changes in peak ejection velocity in patients with congestive cardiomyopathy and those with left ventricular dysfunction at rest. Our experience is that Doppler examinations are easier to perform than exercise echocardiography and appear to provide a simple, reliable, noninvasive technique for the evaluation of left ventricular function during exercise in patients with coronary artery disease.
